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Peripheral nerves (PN) are specialized organs that form a highly complex network throughout the body providing the motor and/or sensory innervations to target organs. Histologically, PN are composed by two main elements, a functional unit or parenchyma and the stroma. The parenchyma consists of the nerve fibers, formed by axons and the surrounding Schwann cells (SC), while the stroma is formed by three layers of specialized connective tissues. The SC can myelinate a single axon forming the myelinated nerve fibers, or a single SC can interact with a small group of thinner axons forming the unmyelinated nerve fibers. In the case of the stroma, it regulates the compartmentalization of these organs. In transversal sections of PN, it is possible to observe how nerve fibers are immersed in the endoneurial connective tissue and it is surrounded by the perineurial layer that forms individual fascicles which are immersed in a vascularized connective tissue called epineurium (Geuna et al., 2009; Mills, 2012).

The normal function of the PN is often affected by traumatic injuries with serious physical and/or psychological consequences for these patients (Daly et al., 2012; Carriel et al., 2014a). Direct nerve repair is the preferred treatment for short nerve gaps, and nerve autografting is the gold standard treatment for critical nerve defects, although it has well-known disadvantages. Nerve conduits (tubulization) are often used with variable success rates (Daly et al., 2012; Carriel et al., 2014b). Due to the clinical limitations associated to the autograft and the unsatisfactory results obtained with the tubulization technique, current research is focused on the development of novel tissue engineering alternatives to repair critical nerve gaps. In these sense, a range of strategies were achieved or are under investigation, highlighting the use of micropatterned structures, aligned biomaterials and the use of conduits filled with cellular scaffolds (Daly et al., 2012; Carriel et al., 2013, 2014b).

Peripheral nerve tissue engineering (PNTE) is focused on the development of successful strategies to promote nerve regeneration from the clinical, functional and histological point of view. In this sense, the sciatic nerve functional index (walking track and toe spread), the toe spread and the pinch test of sensory recovery are frequently used to measure clinical and functional parameters (Vleggeert-Lankamp, 2007; Carriel et al., 2013). Currently, one of the most used and reliable method to evaluate nerve regeneration is the electrophysiological assessment of the distal muscles (innervated by the injured nerve), which allows determining the degree of muscle denervation or reinnervation (Vleggeert-Lankamp, 2007; Carriel et al., 2013). In addition, the evaluation of the muscle weight and volume is another simple and useful method to assess the degree of muscle recovery (Vleggeert-Lankamp, 2007; Xie et al., 2008).

Regarding to the histological analysis, there are several histological, histochemical, immunohistochemical and also ultrastructural methods with specific applications. First, it is necessary to understand the basic concepts of the PN histology in normal conditions and during regeneration. This process is characterized by the proliferation and migration of the local cells, specially the SC, which progressively synthesize a new extracellular matrix (ECM) and form the bands of Büngner that guide the axonal growth from the proximal to the distal nerve stump (Geuna et al., 2009; Daly et al., 2012; Carriel et al., 2013, 2014). These cellular and molecular processes are essential for the success of nerve regeneration. In addition, the most reliable way to evaluate them with high accuracy is the histological and ultrastructural analysis, making the histological analysis one of the most useful quality controls in PNTE.

The first and more critical step in histology is the fixation of the tissues, whose main objective is to maintain clear and consistent morphological features, to inhibit the metabolic processes and post-mortem bacterial degradation (Kiernan, 2008). Currently, cryofixation and chemical fixation (coagulant and non-coagulant) are used in PNTE (Kalbermatten et al., 2009; Carriel et al., 2011a, 2013; di Summa et al., 2014). Cryofixation is a good method to preserve the enzymatic activity and tissue antigens. For this reason, it is a suitable method for histochemical and immunohistochemical techniques. Regarding to the chemical fixation, the aldehyde-based fixatives are the most used for light and electron microscopy. Once the tissues are fixed, they can be embedded in OCT (cryofixation), paraffin (light microscopy) or resin (electron microscopy), and sectioned for their staining (Kiernan, 2008).

Staining procedure in light microscopy {#sec1-2}
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Hematoxylin and eosin (HE) are the most used staining agents for light microscopy in pathology and research. HE staining is commonly non-specific for many tissue elements due to its electropolar nature (Carriel et al., 2011a, b). Using this method, it is not possible to observe the myelin sheath and the ECM is nonspecifically stained. Therefore, HE is not an ideal method allowing an accurate analysis of the nerve regeneration process (Di Scipio et al., 2008; Raimondo et al., 2009; Carriel et al., 2011a).

Trichrome staining offers the possibility to differentiate the collagen fibers of the ECM from the other types of structures (epithelial tissue, muscles, parenchyma, *etc*.). Masson\'s trichrome is the most common trichrome method in pathology and muscle histology, but it is infrequently used for the histological analysis of PN. The quality of the histology of PN with this method is considerably better than HE (Raimondo et al., 2009). However, it is not possible to identify the myelin sheath with high accuracy with this method ([**Figure 1A**](#F1){ref-type="fig"}).

![Histological method as quality control in PNTE.\
Longitudinal section of a peripheral nerve stained with Masson\'s trichrome method (A). Transversal section of a NeuraGen^®^ collagen conduit stained with the MCOLL histochemical method with low (B) and high magnification (C), where it is possible to observe the collagen fibers in red, the myelin in blue and the nucleus darkly stained. Identification of Schwann cells with S-100, with the characteristic nuclear and cytoplasmatic positive reaction (D). Immunofluorescence and immunohistochemical identification of regenerated axons by using neurofilament (green) and GAP-43 (brown), respectively (E, F). Semithin transversal sections of native nerve (G) and regenerated nerve tissue (H) stained with toluidine blue. PNTE: Peripheral nerve tissue engineering; GAP-43: growth associated protein-43. Scale bar: 50 μm (A, D, F, G, and H), 100 μm (C, E) and 1 mm (B).](NRR-9-1657-g001){#F1}

Regarding the myelin, it is composed by several types of lipids and lipoproteins. Unfortunately, a significant amount of these elements are dissolved by organic solvents during tissue processing, but some of them are preserved (associated to structural proteins), thus allowing their identification. Interestingly, pre-embedding myelin sheath staining with OsO4 is a useful alternative to identify myelin with high accuracy in light microscopy (Di Scipio et al., 2008; Li et al., 2013). This method can be combined with other histochemical methods including Masson\'s method or immunohistochemical procedures.

In formalin-fixed tissues myelin is frequently stained with luxol fast Blue (LFB) method, which specifically stains myelin in blue. However, LFB only allows the specific identification of myelin, and it is not possible to make a comprehensive assessment of the morphologic parameters and ECM remodeling associated to the PN regeneration process (Carriel et al., 2011a). In this sense, the technical limitations associated to the LFB were improved with the new integrated histochemical method called MCOLL. This method combines the specificity and sensibility of conventional LFB (myelin), picrosirius staining (collagen fibers) and Harris haematoxylin (cellular nucleus) allowing the identification of different parameters simultaneously (**Figure** [**1B**](#F1){ref-type="fig"}, [**C**](#F1){ref-type="fig"}). This method was successfully used in PNTE, allowing an accurate histological and histochemical evaluation of the nerve regeneration (Carriel et al., 2011a, 2013).

Finally, another useful technique is the histochemical identification of the acetylcholinesterase activity in skeletal muscle cryosections. This method was used to identify with high specificity the newly-formed endplate during the reinnervation of the distal skeletal muscles (Jiao et al., 2009).

Immunostaining in PNTE {#sec1-3}
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The immunohistochemical and immunofluorescence methods allow the identification of highly specific proteins in tissue sections. Both methods are suitable for cryosections or formalin-fixed tissues. Currently, there are several antibodies that recognize specific proteins related to cell lineage (surface or intracellular markers), cytoskeletal proteins, ECM molecules, growth factors, etc., and their correct application is essential to establish the degree of PN regeneration in PNTE (Vleggeert-Lankamp, 2007; Raimondo et al., 2009; Mills, 2012; Carriel et al., 2013, 2014b).

SCs play a key role during PN regeneration, and their identification with conventional histological techniques is extremely difficult, but they can be identified with high accuracy with antibodies that recognize the glial fibrillar acid protein (GFAP) and the S-100 protein ([**Figure 1D**](#F1){ref-type="fig"}). Due to the importance of SC during nerve regeneration, high levels of SC immunostaining associated to an organized pattern of regeneration is considered as a positive indicator of nerve regeneration in PNTE (Kalbermatten et al., 2009; Siemionow et al., 2011; Carriel et al., 2013; di Summa et al., 2014).

Demonstration of axonal regrowth is the most important indicator of PN regeneration. Axons are mainly composed by neurotubules and neurofilaments and both cytoskeletal proteins can be easily evaluated by the immunohistochemical identification of β-III tubulin (Huang et al., 2012), neurofilaments (Ma et al., 2011; Huang et al., 2012; Carriel et al., 2013) and growth associated protein-43 (GAP-43), which is specific of newly-formed axons that do not express neurofilaments (**Figure** [**1E**](#F1){ref-type="fig"}, [**F**](#F1){ref-type="fig"}) (Carriel et al., 2014b). Another commonly used marker to evaluate the axonal growth is the protein gene product 9.5 (PGP9.5), which is positive in neurons and neuroendocrine cells (Kalbermatten et al., 2008).

Regarding the ECM, it plays a crucial role in guiding the complex process of PN regeneration. Laminin is a normal component of the basal membrane of nerve fibers and this glycoprotein supports SC proliferation and migration during nerve regeneration (Chernousov et al., 2008; Carriel et al., 2013). Despite the important role of laminin in this process, it is infrequently evaluated in PNTE. However, its expression is a valid parameter to determine the degree of PN regeneration (Siemionow et al., 2011; Carriel et al., 2013). In the case of collagen fibers, these may be evaluated by histochemical methods such as MCOLL and Masson\'s trichrome.

Myelin can also be detected by immunohistochemistry and immunofluorescence using antibodies that specifically recognize the myelin basic proteins (Carriel et al., 2011a; Mills, 2012). This also applies to the muscular endplate, which can be evaluated with high accuracy and resolution by using a rhodamine-conjugated α--bungarotoxin that irreversibly binds to the postsynaptic acetylcholine receptor site (Ma et al., 2011; Li et al., 2013).

Quantitative histology {#sec1-4}
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Histology is classically considered as a purely descriptive method. However, over the recent years, several studies demonstrate that it is possible to perform morphometric or quantitative analyse in histological sections (Raimondo et al., 2009). Regarding the morphometric analysis, it is possible to determine the number of cells in a specific area, the diameters of cells or structures, the area occupied by regeneration tissue or injury etc.

More recently, it is possible to determine with accuracy the intensity and area fraction of the positive reaction for histochemical (Carriel et al., 2011b, 2013; Oliveira et al., 2013), immunohistochemical or immunofluorescence techniques (Carriel et al., 2013, 2014b). The intensity is related to the increase of the expression or synthesis of some proteins (not all of them). Neurofilament intensity is significantly higher in native nerves as compared to the newly-formed axons during nerve regeneration. However, the experimental groups with high levels of regeneration (functional and histological) showed similar intensity values than native nerves in contrast to other experimental groups (Carriel et al., 2014b). The same was performed for the intensity of S-100 and laminin (Carriel et al., 2013). In relation with the area fraction, this allows determining the percentage of positive reaction in a specific histological area. This method was successfully applied to the quantitative determination of the area fraction occupied by myelinated nerve fibers with the MCOLL histochemical method. In addition, quantitative analysis was applied to immunohistochemical methods for determination of S-100 area fraction, laminin, neurofilament (Carriel et al., 2013) and, more recently GAP-43 (Carriel et al., 2014b). Additionally, this quantitative approach was also used as histological quality control of the ECM following a chemical and physical decellularization of small intestine for tissue engineering applications (Oliveira et al., 2013).

Semithin and ultrathin sections in PNTE {#sec1-5}
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For more researchers, the gold standard in PN histology is toluidine blue staining of resin-embedded semithin sections (Raimondo et al., 2009; Carriel et al., 2011a; Mills, 2012). By using this method, most of the myelinated axons can be clearly identified and myelin sheaths are sharply delimited due to post-fixation and staining with OsO4 (**Figure** [**1G**](#F1){ref-type="fig"}, [**H**](#F1){ref-type="fig"}). The high morphological quality of this method makes it a suitable method to perform a morphometric analysis of PN regeneration. In this sense, the most important parameters that can be used as quality control are: number of fibers, density of fibers, diameter of fibers and axons, cross-sectional area of fibers and axons, perimeter of fibers and axons, myelin thickness, myelin thickness/axon-diameter ratio, and fiber-diameter/axon-diameter ratio or axon-diameter/fiber-diameter (g-ratio) (Vleggeert-Lankamp, 2007; Raimondo et al., 2009; Bozkurt et al., 2012).

The ultrathin sections are often used to evaluate ultrastructural changes associated to the axonal growth and myelination process by transmission electron microscopy. In addition, it is a suitable method to perform morphometric analyses and also to identify and evaluate the unmyelinated nerve fibers (Hirano, 2005).

Conclusions {#sec1-6}
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In order to determine the degree of PN regeneration with high accuracy in PNTE, it is necessary to combine clinical, functional, electrophysiological and histological analyses. Regarding the histology, there are several technical alternatives to evaluate different important parameters associated to the success of failure of nerve regeneration. In all cases, a proper knowledge of the PN histology in normal and regenerative conditions is essential to perform an adequate histological description and to apply the most adequate histological method. Currently, there are useful histochemical techniques available for assessment of the nerve regeneration process such as OsO4 technique, the MCOLL histochemical method and the gold standard toluidine blue in semithin sections. In relation to the immunohistochemical markers, there are a wide range of antibodies available to evaluate PN regeneration, especially S-100, GFAP, neurofilament, β-III tubulin, GAP-43, and laminin.

In conclusion, PN regeneration is a complex process and the use of a single descriptive histological method may not be enough to assess the degree of regeneration. In this sense, it is and it will be necessary to combine different histochemical and immunohistochemical techniques with morphometric or quantitative parameters in order to find statistical differences between the different models of nerve regeneration. Finally, histological assessment of the PN regeneration is one of the most reliable methods available to demonstrate the success or failure of the PN regeneration in tissue engineering.
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